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Figure 5 Bacterial co-occurrence network and concordance between maternal and neonatal microbiota associated with gestational diabetes
mellitus (GDM). (A—C) Co-occurrence networks of maternal oral, intestinal and vaginal microbiota of GDM+ (left panel) and GDM- (right panel). The
co-occurrence network was inferred for each maternal sample type by a pairwise correlation of relative abundance (normalised to 100 000) for all
genera. Each node in the network indicates a bacterial genus. Node size represents the average relative abundance of one genus in each maternal
sample type. Nodes in green colour show variable importance for the projection (VIP) genera associated with GDM. Only the bacterial connections
(edges) larger than cut-offs (correlation values >0.4, 0.45 and 0.5 in the three networks, respectively) are retained. Edge width represents the
correlation value supporting this connection. Edge colour shows positive (red) and negative (blue) correlations, respectively. (D, E) Discrepancies of
the bacterial co-occurrence networks between maternal GDM+ and GDM—. The number of unique and shared edges, and centralities (rank of the
closeness) and discrepancies of nodes in GDM+ and GDM- co-occurrence networks were counted, respectively. (F-G) Discrepancies of the bacterial
correlations between neonatal GDM+ and GDM— microbiota. Each bin shows the number of the same pair of bacterial correlations occurred in

both GDM+ and GDM-, with the colour changes representing weak (grey) or strong (blue and red) correlations, respectively. (H) Concordance of
bacterial correlations between maternal and neonatal microbiota associated with GDM. The concordance was inferred by counting the same bacterial
correlations (cut-off >0.4) across different sample types. Each point in the outer cycle represents one connection of two correlated bacteria (at least
one is VIP genus). The curve in red (occurred only in GDM+) and grey (occurred in both GDM+ and GDM-) denotes the same co-occurrence trend of
such connection between maternal and neonatal microbiota, while the curve in blue denotes the opposite trend.

(including Porphyromonas and Bacteroides) were present in
almost all maternal and neonatal body sites (online supple-
mentary figure S12I). In addition, the connections containing
Blautia, Coprococcus, Roseburia and Sutterella showed high
frequencies of co-occurrence across multiple sample types,

suggesting their universal attributions to microbiota associ-
ated with GDM. According to these results, it can be assumed
that the consistency of microbial variation across mothers
and neonates suffering from GDM has happened in bacterial
abundance and in their interactions.
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Figure 6 Microbial and functional variation in meconium microbiota associated with gestational diabetes mellitus (GDM). (A) Evenness of the
KEGG orthology (KO). (B) The number of enriched KOs. (C, D) Distribution of viral richness and evenness. (E, F) Relative abundance of herpesvirus and
poxvirus. Viral abundance in each sample was normalised to 100000 reads. (G, H) Prevalence of mastadenovirus and papillomavirus in meconium.

(1, J) Significant differentiation of Escherichia and Lactobacillus strains between GDM+ and GDM—. Genomes of Escherichia and Lactobacillus strains
isolated from the human oral cavity, gut or vagina were downloaded from the Human Microbiome Project (HMP) and were taken as references.
Sequencing reads were mapped to these references, and strain abundance in each sample was normalised to 100000 reads.

Altered microbial metabolism and increased viral load in
GDM+ meconium

Neonatal intestinal microbiota is important for the metabolism
and immunity of developing infants and adults.”*>° Therefore,
we attempted to assess the potential risks of microbial shift to
neonates by profiling the meconium microbiota, and thus a subset
of the meconium samples was selected for WGS sequencing.
Forty-eight samples were sequenced successfully, which yielded
more than 375 Gb WGS sequencing data. Metagenomic taxo-
nomic profiling on WGS sequencing data of meconium samples
was performed using MetaPhlAn.*! Compared with 165 rRNA-
based taxonomic profiles of meconium, metagenomic sequencing
generates a quite similar bacterial community structure (online
supplementary figure S13). We looked for metabolic differ-
ences between the intestinal microbiota of neonates delivered
by women with and without GDM. As a result, smaller Pielou

indices of KOs were shown in the GDM+ group (figure 6A),
which means that the neonatal microbiota of this group had
lower evenness than in GDM—. LDA was used to identify inter-
group differences in KOs, and a large number of KOs were
depleted in GDM+, denoting the decline in metabolic capabil-
ities compared with the gut microbiota of neonates delivered
by women without GDM (figure 6B and online supplementary
table S3). The lack of such metabolic pathways may have adverse
effects on nutrition absorption or certain metabolic capacity of
the neonates.

We also compared the WGS data against known viral
genomes to detect possible alterations in the meconium virome.
Although the higher richness (number of viral species observed)
of eukaryotic viruses in meconium of GDM+ wasnot signifi-
cant (figure 6C), both the viral evenness (Pielou index in each
sample) and alpha diversity indices were significantly lower than
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those of GDM— (p<0.05, Mann-Whitney test) (figure 6D and
online supplementary figure S14A-D). In contrast, there was no
obvious intergroup difference in the alpha diversities of bacte-
riophages (online supplementary figure S14E-H). Further inves-
tigation estimated the relative abundance of recognisable viral
taxa and identified four types of viruses that varied by the health
status of pregnant women, including herpesvirus, poxvirus,
mastadenovirus and papillomavirus. Among them, herpes-
virus and poxvirus were more abundant in the GDM+ group
(figure 6E,F), and high-abundance mastadenovirus and papillo-
mavirus were also more prevalent in the samples of this group
(figure 6G,H). These findings suggested that pregnant women
suffering from GDM increase the prevalence of viruses in the
intestinal microbiota of neonates, and may give rise to a popula-
tion highly vulnerable to expose to these viruses.

Finally, to investigate the intraspecific diversity of certain
neonatal intestinal bacteria, we aligned WGS sequencing data
of meconium samples to currently available Escherichia and
Lactobacillus reference genomes, which include genomes of
35 Escherichia and 69 Lactobacillus isolated from the human
oral cavity, gut and vagina retrieved from the HMP (figure 6L]J).
Only the uniquely mapped reads to these genomes were taken
into account. A large number of reads could be assigned to the
genomes of reference strains isolated from the human oral and
gut besides vagina, which further corroborated the observation
that neonatal microbiota is not just derived from the vagina. In
addition, we observed that both Escherichia and Lactobacillus
showed strain-level differences between neonates delivered by
mothers with and without GDM. Notably, Lactobacillus iners
strains were significantly more abundant in GDM+ (p<0.05,
Mann-Whitney test with FDR correction) (figure 6]). These find-
ings demonstrated that Lactobacillus spp and their subspecies in
newborns may be shaped by the GDM status of their mothers.

DISCUSSION

Most of the neonatal samples in our study were collected within
seconds of C-section delivery, which allowed us to eliminate
the possibility of microbial exposure and colonisation in vitro.
Microbes present in these samples denote the establishment of
the fetal microbiota, unlike the detection of microbes in meco-
nium, which was doubted to be the result of postnatal acquisi-
tion."! The 165 rRNA gene sequencing detected bacterial signals
from every neonatal body site, and some body sites (such as the
pharyngeal and amniotic fluid microbiota) even have relatively
high species richness. Coupled with the remarkable difference
in taxonomic composition and community structure between
the neonatal and maternal microbiota, these results reveal that
the microbial nucleic acids detected in the amniotic fluid and
neonatal samples are not all contaminants from the mother, as
previously suspected.? Additionally, as shown in the analyses of
PCoA and Bray-Curtis dissimilarity, it is very clear that neonatal
samples were clustered according to sample types. There would
be no observable clustering across the different sample types
if their microbes came from potential maternal or reagent
contamination. Moreover, living bacteria have been successfully
cultured from amniotic fluid of both GDM+ and GDM— preg-
nant women (data not shown). Despite that one review used
germ-free mice as an example to refuse the hypothesis of micro-
bial colonisation in utero,'" we speculate that the differences in
placental cellular structures and gestation length between mice
and humans may be the reason. Two layers of syncytiotropho-
blasts and one complete layer of cytotrophoblasts in a mouse
placenta provide strong barriers to prevent vertical microbial

transmission from mother to offspring,®® and the short gestation
length (19-21 days) also reduces the chance of bacteria entering
the mouse uterus. In contrast, humans have only one layer of
syncytiotrophoblasts in the placenta, and the longer gestation
gives the bacteria more chances to enter the uterus. Taxonomic
profiling of both 16S rRNA and metagenomic sequencing
demonstrated that Enterobacteriaceae and Escherichia are the
most abundant taxa in meconium samples. It is consistent with
previous studies on the microbiota of either placenta® or meco-
nium." These results suggest that Escherichia is prevalent in
utero and during early life.

Combined with the results of previous studies, we believe
that GDM can affect the microbiota of both pregnant women
and neonates at multiple body sites during pregnancy. Although
OGTT was taken as a gold standard for diagnosing GDM, the
monitoring needs blood test and is only conducted between
24 and 28 weeks during gestation.® There is a strong correlation
between several discriminatory bacteria and the OGTT values.
For example, in the maternal microbiota, oral Neisseria/Leptotri-
chia ratios were positively correlated to blood glucose values,
especially fasting blood glucose concentrations, which reflect the
daily secretory capacity of basal insulin. Low intestinal Faeca-
libacterium/Fusobacterium ratios corresponded to high blood
glucose values, where the correlation was highly significant
between the bacterial ratios and 2-hour blood glucose levels,
representing the regulatory and recovery capability after sugar
intake. In addition, high vaginal Prevotella/Aerococcus ratios
were also correlated to high blood glucose values, particularly
to the Tand 2-hour values of the OGTT. Although maternal
samples collected before OGTT are needed, it may provide a
promising approach to develop GDM biomarkers, especially for
the oral microbes which are very convenient for sampling and
have the largest microbial variations associated with GDM.

In both maternal and neonatal microbiota, microbial varia-
tions tended to be convergent across body sites in GDM+,
which exhibited more similar community structure than those
in GDM—. Microbes varying by the same trend between the
maternal and neonatal microbiota were also observed in our
study, revealing the intergenerational concordance of microbial
variations associated with GDM. These results suggest that GDM
may have similar effects on the microbiota across generations
and body sites. Such microbial shifts likely increase the risk of
gestational complications or undesirable outcomes. Lower even-
ness but more depletion of KOs, as well as higher abundance
or prevalence of some eukaryotic viruses may lead to declined
metabolic capacities and more viral exposures to neonates with
than without GDM. Additionally, L. iners is considered to be
more conducive to the occurrence of abnormal microbiota,
which may result in adverse health outcomes.*®*” L. iners has the
smallest genome size among the Lactobacilli and lacks the genes
necessary to synthesise amino acids de novo.”® A relatively high
ratio of this strain may decrease the efficiency of the microbial
amino acid metabolism in newborn’s digestive tract.

Here we describe the effects of maternal health status on
microbial vertical transmission and early-life colonisation. The
links between microbial dysbiosis during early life and a large
number of diseases may note the long-term impacts of the initial
microbiota on human health.””*' Our study focuses on micro-
bial contact and colonisation in early life as well as the shape
of the neonatal microbiome. These observations will contribute
to better understanding the origin of the human microbiota
and microbial vertical transmission from mothers to babies.
This study sheds light on another form of inheritance and high-
lights the importance of understanding early-life microbiome
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